INTRODUCTION
The demand in energy consumption has been escalating this last decade, leading to renewed interest on thermoelectric (TE) technology. 1 Beyond the promising results obtained for telluride based materials which exhibit high performances, 2-4 the need to conciliate efficiency with environmental and cost constraints has triggered research recently toward copper-based sulfides which have, for most of them, the advantage to contain eco-friendly and abundant elements. 25 Curiously, the thermoelectric properties of this sulfide have not been investigated to date, in spite of its potential to be used as a well characterized model material for understanding the TE phenomena in these materials. We report herein on the synthesis by mechanical alloying followed by spark plasma sintering (SPS) and on the TE properties of the 
EXPERIMENTAL SECTION
Polycrystalline samples of Cu 8+x Fe 3-x Sn 2 S 12 (0 ≤ x ≤ 0.5) were synthesized by mechanical alloying 26 followed by Spark Plasma Sintering. All sample preparation and handling of powders were performed in Argon filled glove box with oxygen content of < 1 ppm. Stoichiometric amounts of Cu (99.9 %, Alfa Aesar), Fe (99.9 %, Alfa Aesar), Sn (99.9 %, Alfa Aesar) and S (99.99 %, Alfa Aesar) were loaded in a 25 ml tungsten carbide jar under argon atmosphere. The powders were then milled in a high-energy planetary ball mill (Fritsch Pulverisette 7 Premium line) at a speed of 600 rpm for 12 hours. The resulting powders were then ground and sieved down to 150 µm. Powders were then placed in tungsten carbide dies of 10 mm diameter and densified by Spark Plasma Sintering (SPS -FCT HPD 25) at 873 K for 15 min under a pressure of 150 MPa (heating and cooling rate of 50 K/min and 20 K/min, respectively). This produced 10 mm diameter pellets, ca. 7 mm thick, with geometrical densities greater than 98 %. It is worth pointing out that these samples are air sensitive and contain small traces of SnO 2 .
The crystalline phases were identified at room temperature by powder X-ray diffraction (PXRD) using a X'Pert Pro PANalytical diffractometer using Co Kα radiation (λ = 1.78901 Å).
Data were collected over the angular range 5 ≤ 2θ/° ≤ 100 with a step size of 0.0131° and a step time of 250 s, using a rotating sample holder in order to increase accuracy of the measurements.
Rietveld refinements from data collected on the sintered samples have been performed using FullProf and WinPlotr software packages. 27, 28 Seebeck coefficient and electrical resistivity were measured under helium atmosphere using steady state technique and four probe method, respectively, (ZEM-3, ULVAC-RIKO, Japan)
over the temperature range of 300 K to 650 K on a 9×3×3 mm 3 sample. The thermal diffusivity (D) of a square sample (6×6×1 mm 3 ) was measured from 300 K to 650 K in an inert atmosphere using a Netzsch LFA457 apparatus. Heat capacity (C p ) was calculated using Dulong-Petit
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However, it is difficult to extract reliable carrier concentrations from the Hall effect data since the samples are magnetic and the contribution of the anomalous Hall effect appears to be significant. Attempts to calculate the carrier concentration using the approximation of single parabolic band conduction model, using the formula p = 1/R H .e, where e is the electronic charge;
gives an unrealistically high value of p = 7. 
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are referred respectively to α-Fe and to BaSnO 3 at RT. Mössbauer spectra were fitted with a least-squares method program assuming Lorentzian peaks.
RESULTS AND DISCUSSION

Structural Analysis
High-energy ball-milling of elemental powder mixture with stoichiometry ranging from Cu 8 Fe 3 Sn 2 S 12 to Cu 8.5 Fe 2.5 Sn 2 S 12 produces fine black powders. Typical X-ray powder diffraction pattern of these samples is presented in Figure S1 . Then, SPS performed at 873 K on the seven Cu 8+x Fe 3-x Sn 2 S 12 samples, not only leads to compact pellets, but also allows to obtain highly pure and well-crystallized stannoidite samples. This synthesis process was previously proved to be efficient to prepare large quantity of high purity samples of other ternary and quaternary sulfides. (Figure 1 ) can be described as the stacking along the a axis of pure tetrahedral univalent copper layers alternating with mixed tetrahedral layers containing copper, tin and iron. reflections with l=3n+1 and l=3n+2 (white arrows) and the main reflection of the SnO 2 impurity (< 1% wt., black arrow).
Mössbauer Spectroscopy Characterizations
We performed a Mössbauer study of copper hyper stoichiometric sulfides Cu 8+x Figure 3 , where a small amount of SnO 2 (~ 2% of Sn atoms) is observed as explained in the experimental section. Table 1 for T = 80 K and 300 K. The moderate temperature variation of the relative areas between 300K and 80K supports the above assumption.
An outer doublet with a large quadrupole splitting, QS ~ 2.9 mm.s -1 and an isomer shift IS ~ 0.6 mm.s -1 at RT is observed for x < 0.5 (Table 1) . The latter is then attributed to Fe 2+ . 35 Its
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The Journal of Physical Chemistry In summary, we conclude to the presence of small amounts of Sn vacancies in the investigated sulfides. In addition, the repartition of Fe 2+ and Fe 3+ on the 2(a) and 4(i) sites is found to differ from the classically assumed one.
Thermoelectric properties
The electrical resistivity plots versus temperature for the seven Cu 8+x 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the semi-conducting character decreasing regularly from x = 0 to x = 0.5, leaving place beyond x = 0.3 to a metal-like behaviour. It is worth pointing out that copper hyper-stoichiometry was already shown to be a promising way to bring down the resistivity over the pristine phase in systems such as Cu 2+x Mg 1-x SnSe 4 and Cu 2+x Cd 1-x SnSe 4 . 36, 37 The evolution of the Seebeck coefficient versus temperature (Figure 5b) shows that they are all p-type materials with rather high S values ranging from 310 to 100 µV/K at room temperature.
As expected, the thermal evolution of S is closely related to that of ρ. Indeed, for x ≤ 0.22, S decreases as T increases, i.e. as ρ decreases, whereas for x ≥ 0.3, the opposite is observed. A nearly independent temperature behaviour for x = 0.25 is observed, suggesting that this chemical composition is close to the semi-conductor to metal-like transition in this system. Note that the x = 0.22 sample was synthesized in addition to the other samples to determine more precisely the composition window where the transition occurs. Moreover, S decreases as x increases in agreement with the crossover from the semiconducting to the metal-like behaviour observed from electrical resistivity. For the pristine sulfide Cu 8 Fe 3 Sn 2 S 12 , the Seebeck coefficient also decreases as T increases in agreement with its semiconducting behaviour. Nevertheless, the S value of this compound is smaller than that of the semi-conducting x = 0.10 phase, in spite of its higher resistivity. centres" in the structure will be smaller for this limit composition, leading to a high resistivity value, i.e. semi-conducting behaviour. For the hyper-stoichiometric sulfides Cu 8+x Fe 3-x Sn 2 S 12, the Fe 2+ content is decreased continuously as x increases up to x = 0.50 and consequently the equilibrium (1) tends to be displaced in the opposite direction. As a result, the content of Cu 2+ centres will tend to increase with x, leading to a metallic-like behaviour with the highest electrical conductivity for higher x values. Note that additional hole carriers may also be created by cationic deficiency as observed on the Sn site by Mössbauer spectroscopy. The temperature dependence of the total thermal conductivity is given in Figure 6a . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The dimensionless thermoelectric figure of merit ZT versus temperature is shown in Figure 7 .
Copper to iron substitution significantly enhances the thermoelectric performance of stannoidite, leading to a maximum ZT value of 0.35 at 630 K for the copper hyper-stoichiometric sample x = 0.5. The improvement here is nearly five fold over the pristine phase (ZT = 0.07 at 630 K). Such significant improvement in ZT is mainly associated to the semi-conducting to metal-like behaviour crossover induced by copper hyper-stoichiometry and to the very low thermal conductivity of these materials, especially at high temperature. 
CONCLUSION
We have demonstrated that high purity and compact Cu 8+x We strongly believe that ternary/quaternary sulfides have to be more carefully investigated and revisited by controlling accurately the effect of doping upon their electrical and thermal properties, and developing innovative processes for reaching higher ZT values. 
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